We used molecular data to assess the degree of genetic divergence across the breeding range of the orange-crowned warbler (Oreothlypis celata) in western North America with particular focus on characterizing the divergence between O. celata populations on the mainland of southern California and on the Channel Islands. We obtained sequences of the mitochondrial gene ND2 and genotypes at ten microsatellite data for 192 O. celata from populations spanning all four recognized subspecies. We recovered shallow, but significant, levels of divergence among O. celata populations across the species range. Our results suggest that island isolation, subspecies (delineation by morphology, ecological, and life-history characteristics), and isolation-by-distance, in that order, are the variables that best explain the geographic structure detected across the range of O. celata. Populations on the Channel Islands were genetically divergent from those on the mainland. We found evidence for greater gene flow from the Channel Islands population to mainland southern California than from the mainland to the islands. We discuss these data in the context of differentiation in phenotypic and ecological characters.
INTRODUCTION
Oceanic islands have served as a natural laboratory for evolutionary studies for decades (Crawford, 2012) . Patterns of phenotypic and genetic divergence on islands with varying degrees of isolation shed light on the processes of adaptation and speciation (Losos & Ricklefs, 2009; Greenberg & Danner, 2013) and provide data for evaluating traits that promote biodiversity (Lomolino, 2005; Gunderson, Mahler & Leal, 2018) . Furthermore, comparisons of island taxa and their mainland counterparts are fundamental to assessing the taxonomic status of island endemics, many of which are of conservation concern (Wilson et al., 2009) .
The California Channel Islands are well-known for their endemic or near endemic species and subspecies of birds (Johnson, 1972; Jones & Diamond, 1976) . Of the forty-one native In the only published genetic study of Oreothlypis celata, Bull et al. (2010) used mitochondrial DNA (mtDNA) and microsatellite data to assess the relationships between northwestern North American populations of Oreothlypis celata celata and O. c. lutescens on Haida Gwaii, Canada. They found low, but statistically significant, differentiation between populations, suggesting recent divergence. They also found a pattern consistent with isolation-by-distance. However, because Bull et al. (2010) did not include the other two O. celata subspecies (O. c. orestera and O. c. sordida) in their analyses, their data do not provide insight into broader patterns and processes of differentiation across the species, including between Channel Islands and mainland populations.
In order to analyze broad-scale divergences among populations, we sampled mitochondrial and nuclear genetic data from all four subspecies of Oreothlypis celata. We assessed the relationship between Channel Island and mainland southern California populations and determined the relative rates of migration between these populations to test (Johnson, 1972) hypotheses about the origin and differentiation of O. celata on the Channel Islands. We discuss these data in the context of what is known about avian differentiation on the islands.
MATERIALS AND METHODS

Population sampling
We obtained blood and/or frozen tissue samples from 192 Oreothlypis celata individuals collected between 1983 and 2009 (Table S1 ) from western North America representing each of the four subspecies (Table S1 and Fig. 1 ). To control for post-breeding dispersal, we used only samples collected during the breeding months of early April through July (Gilbert, Sogge & Van Riper III, 2010) . We also obtained frozen tissue samples from two Nashville warblers (Oreothlypis ruficapilla) to use as outgroups in our analyses. We obtained samples from museum tissue collections (Table S1 ) and collected samples under California Department of Fish and Game scientific collecting permit numbers SC-458 and SC-10109, US Fish and Wildlife Service permit number MB153526, and with permission from the UC Berkeley Animal Care and Use Committee under Animal Use Protocols R285 and R317.
We examined populations at several hierarchical levels. First, we analyzed the data using all of the samples without a priori groupings. When these initial analyses revealed little spatial structure in the genetic data, we grouped the samples into eight populations ( Fig. 1) based on their geographic proximity. This enabled us to explore the extent to which variation across ecosystem boundaries (geography) and present taxonomy (subspecies) are reflected in the genetic data. To explore the importance of geographic variation, we grouped the samples on either side of two separate geographic divisions: northern versus southern (populations 1-3 and 4-8, respectively, in Fig. 1 ) and coastal versus interior (populations 2, 6-8 and 1, 3-5, respectively, in Fig. 1 ). Our division between the northern and southern samples near the Pacific Coast fell at the southern limit of the Cascade Range in northern California. In the interior, we divided northern from southern samples between the Canadian Rocky Mountains and the Southern Rocky Mountains at the northern Idaho Clearwater River drainage. These landmarks are ecologically significant as they mark the Table 1 . We also provide an across-population comparison of the percent prevalence of a subset of the alleles found in our samples for the three most variable (Vce102, Vce128, and Vce167) and three least variable (Vce34, Vce70, and Vce179) loci. For each population, we present the percent prevalence of both the three most common and the rare alleles. We define rare alleles as those whose average occurrence in populations represents less than 5% of the allele pool. Loci Vce70 and Vce102 were exceptions to this definition. Due to the small total number, we included all five detected alleles for Vce70. There were so many rare alleles for Vce102 that we defined the rare alleles for this locus as those with an average population occurrence of <1% of the total allele pool. For the least variable loci, we depict the percent prevalence of the three most common alleles and the rare alleles together in the same pie chart. Due to the large number of rare alleles in the most variable loci, we have depicted the rare alleles in a separate pie chart. For Vce102, Vce128, and Vce167, the left pie charts display the percent prevalence of the three most common alleles and the right graphs represent the percent prevalence of the rare alleles. The prevalence percentages depicted in the pie charts are all relative as the total prevalence of all alleles must sum to one. We recommend that the reader compare graphs vertically, across populations. A given color represents different alleles across columns.
Full-size DOI: 10.7717/peerj.7388/fig-1 southern extents of cedar-hemlock forest ecosystems (Brunsfeld et al., 2001 ) and have been hypothesized by many as sites of lineage contact in various taxa (Soltis et al., 1997; Swenson & Howard, 2005; Burg et al., 2006) . We divided coastal from interior samples by designating as interior all areas east of the Alaska Range, Coast Mountains, the Cascades, and the Sierra Nevada, as splits between coastal and interior populations have been hypothesized in other warbler taxa (Bermingham et al., 1992) . Finally, we grouped samples based on the four existing subspecific designations. We utilized each of these four separate sample groupings in subsequent analyses.
Laboratory procedures
We extracted DNA from blood or frozen tissues using a DNeasy Blood & Tissue Kit (Qiagen, Hilden, Germany) following the Qiagen protocol for animal tissues. We sequenced the mitochondrial genes NADH subunit 2 (ND2) and ATP Synthase subunit 6 (ATP6 ), both of which are commonly used in avian phylogeographic studies. We amplified a 1041 base pair (bp) fragment of the ND2 gene using the polymerase chain reaction (PCR) with primers L5204 and H6312 (Sorenson et al., 1999) . PCR reactions (10 µL) contained 1X PCR Buffer (10 mm Tris-HCl, 1.5 mm MgCl 2 , 50 mm KCl, pH 8.3), 0.6 µm of each primer, 200 µm of each dNTP, 0.6 U of Taq and approximately 5-10 ng of genomic DNA. The PCR profile included an initial denaturation at 94 • C for 2 min; followed by 35 cycles of denaturation at 94 • C for 30 s, annealing at 53 • C for 30 s, and extension at 72 • C for 1 min; with a final extension at 72 • C for 10 min. We amplified a 704 bp fragment of the ATP6 gene by PCR using the primers a8PWL and C03HMH (Hunt, Bermingham & Ricklefs, 2001 ). The PCR profile followed that for the ND2 gene, except for annealing at 54 • C and extension for 45 s during the 35 cycle phase before the final extension. We purified the PCR products using Exonuclease I and Shrimp Alkaline Phosphatase (ExoSAP-IT TM ; Applied Biosystems, Waltham, MA, USA) and sequenced the purified products using Big Dye terminator chemistry v. 3.1 (Applied Biosystems) and an AB PRISM 3730 DNA Analyzer (Applied Biosystems). We analyzed only samples for which we obtained sequences of both the forward and reverse DNA strands. We aligned complementary DNA strands, edited all sequences, detected stop codons, and aligned consensus sequences using Sequencher version 4.7 (Gene Codes Corporation, Ann Arbor, MI, USA). After obtaining 704 bp of ATP6 for 106 individuals, we detected the presence of a pseudogene in sequences and thus eliminated the ATP6 gene from further analyses.
We used ten polymorphic microsatellite markers (Vce34, Vce50, Vce70, Vce102, Vce103, Vce109, Vce116, Vce128, Vce167, and Vce179) developed for O. celata (Bowie et al., 2017) . All ten loci were tetranucleotide repeats and three of them had imperfect core repeats. We amplified these microsatellites using PCR in 10 µL reactions containing: 1x PCR Buffer (10 mm Tris-HCl, 1.5 mm MgCl 2 , 50 mm KCl, pH 8.3), 0.6 µm of each primer, 200 µm of each dNTP, 0.6 U of Taq and approximately 5-10 ng of genomic DNA. The PCR conditions included one denaturation cycle at 94 • C for 2 min and 30 cycles consisting of 15 s of denaturation at 94 • C, 15 s of annealing at 50-55 • C, and 15 s of extension at 72 • C. We used T4 DNA polymerase (New England Biolabs, Ipswich, MA, USA) treatment to clean the PCR products of the Vce34, Vce50, Vce102, Vce103, Vce128, and Vce179 markers (Ginot et al., 1996) . We mixed the samples with formamide and GS-500 LIZ size standard (Applied Biosystems) and analyzed them using an AB PRISM 3730 DNA Analyzer. We conducted allele binning and genotyping using Genemapper version 4.0 (Applied Biosystems).
Mitochondrial DNA analyses
We analyzed the ND2 sequences using maximum likelihood (ML), neighbor-joining (NJ), and maximum parsimony (MP) algorithms. We used RAxML BlackBox (Stamatakis, Hoover & Rougemont, 2008) to construct an ML tree with 100 bootstrap replicates and PAUP* version 4.0b10 (Swofford, 2003) to construct NJ and MP trees. Preliminary analyses of the mtDNA data using NJ, ML, and MP algorithms were not informative and intraspecific datasets often do not comply with the assumptions of MP and ML algorithms (Posada & Crandall, 2001) . Therefore, we did not further explore tree-building methods that assume bifurcation of lineages by default and instead focused on the population genetics approaches described hereafter.
We generated a statistical parsimony network using TCS version 1.01 (Clement, Posada & Crandall, 2000) to visualize relationships among haplotypes and to analyze phylogeographic structure. In addition, we used analysis of molecular variance (AMOVA) in Arlequin version 3.1 (Excoffier, Smouse & Quattro, 1992; Excoffier, Laval & Schneider, 2007) to calculate the proportion of total mtDNA genetic variation explained by population groupings. The AMOVA provided estimates of overall F ST and its analogue, ST (calculated using the Tamura-Nei model with a 0.05 gamma correction), using a non-parametric permutation approach to determine significance levels (Excoffier, Smouse & Quattro, 1992) . We used Arlequin version 3.1 to examine genetic structure among population subdivisions by calculating pairwise F ST and ST statistics (10,000 permutations) and applying sequential Bonferroni corrections when evaluating significance (Rice, 1989) . We also used Arlequin version 3.1 to estimate haplotype diversity (h) and nucleotide diversity (π) (Nei, 1987) , to calculate pairwise mismatch distributions for populations (Sum of Squared deviations and Harpending's Raggedness index calculated to test goodness of fit; 10,000 bootstrap replicates), and to run two tests of selective neutrality, Tajima's D (Tajima, 1989 ) and Fu's F (Fu, 1997) tests.
We performed a spatial analysis of molecular variance (SAMOVA) using SAMOVA 1.0 (Dupanloup, Schneider & Excoffier, 2002) to assess the geographic arrangement of genetic structure. Unlike an AMOVA, this method does not require an a priori definition of populations. Instead, it uses sequence and geographic coordinate data (Lambert projection) to maximize the proportion of total genetic variation among populations (Dupanloup, Schneider & Excoffier, 2002) . We identified the most likely partitioning of the samples by running SAMOVA 1.0 repeatedly with 2 to 20 groups and looking for the division assemblage with a maximized F CT (Dupanloup, Schneider & Excoffier, 2002) .
Microsatellite analyses
We used Arlequin version 3.1 (Excoffier, Laval & Schneider, 2007) to calculate observed (H O ) and expected (H E ) heterozygosity values. We tested for Hardy-Weinberg equilibrium (HWE) and heterozygote deficiency using Genepop version 4.0.10 (10,000 dememorization steps, 1,000 batches, 10,000 iterations) (Raymond & Rousset, 1995; Rousset, 2008) . In addition, we tested the microsatellite genotypes in each population and at each locus for linkage equilibrium using Genepop version 4.0.10 (10,000 dememorization steps, 1,000 batches, 10,000 iterations) (Raymond & Rousset, 1995) , applying sequential Bonferroni corrections when evaluating significance (Rice, 1989) . We examined null allele presence using Micro-Checker version 2.2.3 (Van Oosterhout et al., 2004 ) and used FSTAT version 2.9.3.2 (Goudet, 1995; Goudet, 2001 ) to estimate allelic richness (R s ), which controls for sample size when comparing the number of alleles among populations (Leberg, 2002) .
We tested the proportion of total genetic variance explained by population groupings by performing an AMOVA (Excoffier, Smouse & Quattro, 1992) in Arlequin version 3.1, which provided estimates of overall F ST . We calculated the significance levels for the AMOVA using a non-parametric permutation approach (10,000 permutations) (Excoffier, Smouse & Quattro, 1992) . We examined genetic structure among population subdivisions by calculating pairwise F ST values using Arlequin version 3.1 (10,000 permutations) and pairwise R ST values using RSTCALC version 2.2 (Goodman, 1997) , applying sequential Bonferroni corrections for multiple simultaneous comparisons when evaluating significance (Rice, 1989) .
We tested the pairwise correlation between direct geographic and genetic (Nei, 1972) distances (isolation-by-distance) among all individuals sampled by conducting a Mantel test using GenAlEx version 6.1 (Peakall & Smouse, 2006; Peakall & Smouse, 2012) . We also used GenAlEx version 6.1 to run a principal coordinates analysis (PCA) in order to examine the organization of the genetic structure.
In a further effort to detect spatial organization in our sample assemblage, we analyzed our dataset of ten microsatellite loci using Structure version 2.3.4 (Pritchard, Stephens & Donnelly, 2000; Falush, Stephens & Pritchard, 2003; Hubisz et al., 2009; Pritchard, Falush & Hubisz, 2012) . This method uses Bayesian clustering to examine genetic frequencies across loci and attempts to identify the number of clusters (K ) based on the likelihood values for varying K values. We performed preliminary analyses without providing any information concerning population designations. After these initial analyses, we then designated eight populations in the input and used this information as a prior (LOCPRIOR) (Hubisz et al., 2009) in further analyses to improve population discrimination. We implemented the analyses using the admixture model with correlated allele frequencies (Falush, Stephens & Pritchard, 2003) , examined K = 1 − 20, executed a 100,000 MCMC iteration burn-in, and then performed 1,000,000 subsequent MCMC iterations. We replicated the simulation at each K twenty times. To assist in identifying the optimal K, we used Structure Harvester version 0.6.94 (Earl & VonHoldt, 2012; Earl, 2014) , which uses the Evanno, Regnaut & Goudet (2005) method to identify the number of clusters. We ran Structure and Structure Harvester using StrAuto version 1.0 (Chhatre & Emerson, 2017; Chhatre & Emerson, 2018) with GNU Parallel version 20141022 (Tange, 2011) . To align clusters across the Structure runs, we ran CLUMPP version 1.1.2 (Jakobsson & Rosenberg, 2007) and then used a modified version of Distruct version 2.2 (Raj, Stephens & Pritchard, 2014; Chhatre, 2016; Hanna, Cicero & Bowie, 2018) to plot the clusters.
Based on the results of the Structure analysis described above, we ran two additional Structure analyses to check for the presence of substructure. We first analyzed the Channel Islands samples with the samples from Santa Cruz Island and Santa Catalina Island split into separate populations. We used the parameters as detailed above, including the LOCPRIOR for K = 1 − 10. We then analyzed the seven remaining populations with the same parameters as above for K = 1 − 20.
In order to assess the relative rate of migration between the Channel Islands and mainland southern California, we ran IMa2p version 58a0260 (Sethuraman & Hey, 2015; Sethuraman, 2017) . We input both the ND2 sequences and microsatellite genotypes and performed three separate runs each with 15 chains, 1,000,000 burnin steps, and 2,000,000 further steps following the burnin. We have provided further methodology details in ocwa-popgen version 1.0.0 on GitHub (Hanna, Cicero & Bowie, 2018) .
RESULTS mtDNA sequence variation
We obtained a complete 1041 bp fragment of the mtDNA ND2 gene for 192 Oreothlypis celata and two O. ruficapilla individuals; there were no missing data and no insertions, deletions, or gaps. After merging identical sequences, we found 72 unique haplotypes (Table S1 ) with 81 variable sites. We found no evidence for selection (P = 0.702) between Oreothlypis celata sequences and two sequences of the closely related O. ruficapilla (Lovette, Bermingham & Sheldon, 2002) .
mtDNA haplotype network
Examination of the statistical parsimony network revealed shared alleles, regardless of how we grouped samples into populations ( Fig. 2 and Fig. S3 ). The haplotypes clustered largely along a north-south geographic axis, but the majority of the Haida Gwaii Oreothlypis celata possessed haplotypes in the ''southern'' group. Three mutational differences separate Table S1 . Circle sizes are proportional to the number of individuals with each haplotype. Lines connect haplotypes that differ by one mutation. Dots represent inferred haplotypes. Hash marks indicate the number of mutations between haplotypes separated by more than one mutational difference. For one circle of each size, we have labeled the number of individuals represented by that circle following ''n =''.
Full-size DOI: 10.7717/peerj.7388/ fig-2 the major haplotype clusters of the northern and southern O. celata with some outlier individuals falling into each grouping. The Oreothlypis celata haplotypes from the Channel Islands clustered much more tightly than those from Haida Gwaii. We found four ND2 haplotypes among the Channel Islands O. c. sordida, but the majority of individuals shared a single haplotype; the three other Channel Islands haplotypes appeared only in one individual each (Fig. 2) . There was at most one mutational difference between the haplotype of a Channel Islands O. celata and the next Channel Islands haplotype. Although we found three singleton, private Channel Islands ND2 haplotypes, individuals from northern and southern California shared the most common Channel Islands haplotype. The Haida Gwaii samples, with eleven haplotypes, were more loosely clustered than the Channel Islands samples with a maximum of nine mutational steps between individuals (Fig. S3) .
When we identified samples by subspecies (Fig. 3) , we found no interior Oreothlypis celata orestera individuals that shared haplotypes with the Channel Islands O. c. sordida. Table S1 . The size of each circle is proportional to the number of individuals with that haplotype. Lines connect haplotypes that differ by one mutation. Dots represent inferred haplotypes. Hash marks indicate the number of mutations between haplotypes separated by more than one mutation.
Full-size DOI: 10.7717/peerj.7388/ fig-3 We did, however, find O. c. orestera haplotypes that were one mutational step away from O. c. sordida haplotypes (Fig. 3) (Fig. S3 ). However, with the exception of one Haida Gwaii haplotype, the island populations of the Channel Islands and Haida Gwaii did not share haplotypes with any individuals from interior populations. 
Population structure inferred from mtDNA
Variability in mtDNA sequences differed among populations (Table 1) . We found that the Channel Islands population had the lowest nucleotide diversity (0.2 × 10 −3 ) of all eight populations, whereas the northern California population had the highest (3.7 × 10 −3 ). The nucleotide diversity of the Haida Gwaii population (2.8 × 10 −3 ) was substantially higher than that of the Channel Islands populations and equaled that of the southern California population (2.8 × 10 −3 ). When grouped into northern and southern population clusters, the two groupings contained almost exactly the same nucleotide diversities (2.9 × 10 −3 and 3.0 × 10 −3 , respectively). Although the statistical parsimony networks (Figs. 2, 3 and S3) did not display evidence of reciprocal monophyly among populations or subspecies, the AMOVA revealed significant differentiation in haplotype frequencies for each of the four alternative groupings of our samples. Overall F ST estimates from our AMOVA analysis of ND2 sequences were all highly significant (p < 0.01) for samples grouped into: (1) northern and southern clusters (0.191); (2) eight populations (0.202); (3) coastal and interior clusters (0.186); and (4) subspecies (0.195). Overall ST estimates were greater than the F ST estimates for the different population data sets, and were also all highly significant with p < 0.01: (1) northern-southern (0.429); (2) eight-population (0.365); (3) coastal-interior (0.254); and (4) subspecies (0.299). The pairwise population F ST values reflected patterns that were nearly congruent to the pairwise ST estimates, so we have chosen to present only the pairwise ST estimates (Tables 2-4 ).
Pairwise population F ST and ST estimates (0.036 and 0.000, respectively) between Santa Cruz Island (northern Channel Islands) and Santa Catalina Island (southern Channel Islands) were not significant. However, pairwise ST estimates supported the collective Channel Islands as a distinct population. Pairwise ST values between the Channel Islands and every other population were significant, ranging from 0.245 to 0.809 with the samples grouped into eight populations (Table 2 ) and from 0.228 to 0.681 with the samples grouped into northern and southern clusters (Table 3) . With the samples grouped into eight populations, we estimated the highest pairwise ST values between the Channel ST value of all of the subspecies comparisons. All of the pairwise ST estimates were significant when we grouped the samples by subspecies (Table 4) and by coastal versus interior populations (Table S2) .
SAMOVA
As we found with our maximum parsimony and maximum likelihood analyses, our SAMOVA analyses indicated that deep genetic structure is not present in our mitochondrial sequence data set. We never obtained a maximized F CT with the SAMOVA analyses, so we could not reject panmixia or obtain support for population structure greater than K = 1. SAMOVA is known to perform poorly in the presence of isolation-by-distance (Dupanloup, Schneider & Excoffier, 2002) and we recovered significant isolation-by-distance in the microsatellite data. However, the trend was weak and likely did not greatly affect the SAMOVA analyses. Although we never recovered a maximized F CT with the SAMOVA analyses, we examined the groupings created for K = 2 − 4 to see whether the analyses recovered any divisions between northern, southern, and island samples. These analyses partitioned the samples in general agreement with our northern and southern sample groupings. For K = 2, we recovered one group composed entirely of northern samples. The second group included all of the southern, Channel Islands, and Haida Gwaii samples as well as samples from five coastal and interior localities (in British Columbia, Alberta, and Fairbanks) in our designated northern population. Grouping samples with K = 3 and K = 4 created partitions within the northern and southern populations but were not consistent with subspecies boundaries.
Mismatch distributions
Mismatch profiles that follow a Poisson distribution suggest population growth following an event such as a range expansion (Rogers & Harpending, 1992; Harpending et al., 1993) . Multimodal mismatch profiles can suggest a number of different population dynamic scenarios, such as constant size (Slatkin & Hudson, 1991; Rogers & Harpending, 1992; Harpending et al., 1998) , expanding fronts (Liebers, Helbig & De Knijff, 2001) , and geographic structuring resulting from restricted gene flow (Marjoram & Donnelly, 1994) . All populations had negative Tajima and Fu statistics and all were statistically significant with the exception of the Fairbanks and Northern Rocky Mountains populations for Tajima's D and the southern California population for Fu's F (Table 1 ). Harpending's Raggedness indices were not statistically significant for mismatch distributions in any of the populations, indicating that we could not reject a population expansion hypothesis (Table 1 ). The northern, southern, and Channel Islands populations displayed mismatch profiles following a Poisson distribution, suggesting recent population growth (Fig. 4) . With the samples grouped into eight populations, we observed mismatch profiles with a Poisson distribution in all populations except the Fairbanks and Haida Gwaii populations, both of which appeared to have multimodal mismatch profiles (Fig. 4) .
Population structure inferred from microsatellite data
We successfully obtained genotypes for 192 Oreothlypis celata individuals at ten microsatellite loci with no missing data apart from three individuals for which we were unable to genotype a subset of the loci (Table 5 , Figs. S3 and S4). We found no evidence for null alleles in any microsatellite locus in any population. In addition, there was no evidence for linkage disequilibrium in the northern, southern, Channel Islands, or Haida Gwaii populations; no disequilibrium tests were significant after we applied Bonferroni corrections. We did not observe deviation of observed heterozygosity from HardyWeinberg equilibrium (HWE) expectations repeatedly across loci in any of the populations resulting from our various methods of sample grouping. Observed heterozygosity at all ten loci did not differ from that expected under HWE for the northern, southern, Channel Island, and Haida Gwaii population set. However, locus Vce34 was out of HWE in the Fairbanks population, locus Vce167 was out of HWE in the interior population, and locus Vce34 was out of HWE in the O. c. celata population. The overall F ST estimates from our analysis of microsatellite genotypes for the northernsouthern, eight-population, coastal-interior, and subspecies population sets (0.017, 0.022, 0.016, 0.020, respectively) were all highly significant (p < 0.001). Overall R ST estimates were also highly significant (p < 0.001), exhibiting the same pattern as the F ST estimates and exceeded these for the northern-southern, eight-population, coastal-interior, and subspecies population sets (0.055, 0.068, 0.053, 0.058, respectively).
Both the pairwise F ST and R ST estimates from our microsatellite data displayed patterns almost congruent to the pairwise F ST and ST estimates obtained from the mtDNA data. As with the pairwise F ST and ST estimates for the mtDNA data, the pairwise population F ST values were smaller than and showed patterns similar to the pairwise R ST estimates, so we chose to present only pairwise R ST estimates (Tables 2-4, and Table S3 ) here. As with the pairwise ST estimates, the pairwise R ST estimates supported the existence of a distinct Channel Islands population. In further agreement with the mtDNA analyses, the pairwise F ST and R ST estimates between Santa Cruz Island and Santa Catalina Island (representing the northern and southern Channel Islands, respectively) were not statistically significant. Pairwise R ST estimates between the Channel Islands population and the northern, southern, and Haida Gwaii populations were significant at 0.130, 0.091, and 0.178, respectively (Table 3) . When we grouped samples into eight populations, pairwise R ST values between the Channel Islands and every other population, except for southern California, were significant, ranging from 0.027 to 0.221 (Table 2) . Within the set of eight populations, the highest pairwise R ST estimate (0.221) was between the Channel Islands and Fairbanks populations. Of the pairwise comparisons amongst the set of eight populations that included the Channel Islands, the lowest pairwise R ST estimate (0.027) was between the Channel Islands and southern California populations; the second-lowest estimate (0.094) was between the Channel Islands and Northern Rocky Mountains. Across all loci, we identified three private alleles in the Channel Islands and four in Haida Gwaii, whereas we found only two private alleles in the southern California population (Table S3) (Table 2) .
When we grouped samples into northern, southern, Channel Islands, and Haida Gwaii populations, we found that the pairwise R ST estimates between Haida Gwaii and the southern population were significant, but we did not find significance between Haida Gwaii and the northern population nor between the northern and southern populations. When we grouped the samples into eight populations, the pairwise R ST estimates involving the Haida Gwaii population ranged from 0.002 with the Northern Rocky Mountains to 0.177 with the Channel Islands; estimates were significant with all populations, except for Fairbanks, the Northern Rocky Mountains, and northern California ( Table 2 ). The pairwise Table 5 Variability of the microsatellite loci in the north, south, and island populations. This table presents the variability of the ten microsatellite loci in each of the four Oreothlypis celata populations in the North-South population schema. We indicate the number of individuals genotyped for each locus, ''N''. Column ''A'' provides the number of alleles at each locus in each population, with the number of private alleles given in parentheses. We also provide estimated values of allelic richness '' R S '', observed heterozygosity ''H O '', expected heterozygosity ''H E '', and the associated p-values for each locus in each population. No p-values were significant after Bonferroni correction (p < 0.005). (Table 2) . Overall, the microsatellite data revealed little genetic structure and low divergence of populations among our Oreothlypis celata samples. Our PCA analysis did not reveal distinct clustering of the samples by population. Mantel tests utilizing geographic distance (GGD) and Log(1+GGD) versus genetic distance (GD) resulted in weak, statistically significant, positive correlation between geographical distance of O. celata sampling localities and genetic distance measured at microsatellite loci (r 2 = 0.015, P = 0.006 for GGD vs. GD and r 2 =0.031, P = 0.001 for Log(1+GGD) vs. GD). Our preliminary Structure analyses, in which we did not provide any a priori population information, suggested K = 1 as the optimal number of genetic clusters. When we grouped the samples into eight pre-designated populations, the mean ln Pr(X|K ) and K (Evanno, Regnaut & Goudet, 2005) suggested K = 2 as the optimal number of genetic clusters (Fig. 5) . All of the Channel Islands samples had high ancestry (>83%) in one of the clusters, whereas the northernmost samples had the highest ancestry in the other cluster. In our analysis of substructure within the seven populations other than the Channel Islands, K suggested K = 2 as optimal, but the highest mean ln Pr(X | K ) was for K = 1, although the log probability for K = 2 was very similar. With K = 2, the southern California, Nevada, and Southern Rocky Mountains populations had high ancestry in one of the clusters and the northern California, Northern Rocky Mountains, Haida Gwaii, and Fairbanks populations had similarly high ancestry in the other genetic cluster (Fig. S4) . In our analysis of substructure within the Channel Islands samples, K suggested K = 4 as optimal, but the highest mean ln Pr(X | K ) was for K = 1.
Population
Migration rate estimates
Our IMa2p analyses obtained an upper bound to the effective size of the Channel Islands population, but the analyses did not converge on an upper bound to the effective size of the mainland southern California population. This suggests that the effective size of the mainland population is likely much higher than that of the Channel Islands. Even though we were unable to accurately calculate migration rates scaled by population size, we were still able to assess the relative population sizes and rates of migration between the two populations. Across all three runs, we calculated a pairwise probability of 1.000 that the current effective population size of the southern California population is greater than that of the Channel Islands population. The probability that the current effective population size of the Channel Islands population is greater than that of the southern California population was <0.001. Our migration rate estimates were similar across our three IMa2p runs. Across all three runs, we estimated probabilities of 0.986 to 1.000 that the rate at which (looking forward in time) the southern California population receives genes from the Channel Islands population is greater than that of the reverse direction. Inversely, we calculated probabilities ranging from 0.000-0.013 that the rate at which (looking forward in time) the Channel Islands receives genes from southern California is greater than migration in the reverse direction.
DISCUSSION
Genetic analyses of population structure in Oreothlypis celata revealed some structure in portions of the range and high levels of shared alleles across much of the mainland distribution of O. celata. The strongest result derived from our present dataset is that both the mitochondrial and microsatellite data suggested that the Channel Islands represent the most genetically distinct population included in our study. We found the highest genetic divergence between the Channel Islands and Fairbanks populations, the two most geographically distant populations in our analyses. More generally, the mitochondrial data suggested higher pairwise divergences among populations than the microsatellite data. The mitochondrial, but not the microsatellite data, supported statistically significant divergence between northern and southern O. celata. The microsatellite data provided weak support for isolation-by-distance across the species range. Both the mtDNA and microsatellite data suggested that the Channel Islands Oreothlypis celata comprise a separate population that is distinct from the mainland population. Notable is the lack of ND2 haplotype diversity (four haplotypes in 30 individuals with 27 individuals sharing the same haplotype) in the Channel Islands. This is suggestive of a founder event followed by persistence of a relatively small population that has likely fluctuated in size over time or of strong selection among mitochondrial genotypes to favor one genotype. Our mismatch distribution plots, Tajima's D and Fu's F S results, are consistent with the population recently having expanded in size. The nucleotide diversity within all other populations was much higher than that of the Channel Islands. Within the Channel Islands, the northern and southern island populations (represented by samples from Santa Cruz Island and Santa Catalina Island, respectively) did not display divergence in pairwise F ST or ST comparisons of the mtDNA gene ND2 or in pairwise F ST or R ST comparisons of microsatellite data. Sequences from both islands clustered in our phylogenetic trees and haplotype network, suggesting that O. c. sordida from the northern and southern Channel Islands constitute one large population. The O. c. sordida individuals from Santa Cruz Island all shared the same ND2 haplotype, which was also present on Santa Catalina Island. We identified three additional ND2 haplotypes unique to Santa Catalina Island. The difference in haplotype diversity could be merely a sampling artifact, but this is unlikely given our sample size of 15 individuals from each island. Although the northern and southern Channel Islands may, in fact, be two separate populations that are diverging, any divergence is likely too recent to be statistically detected with our genetic data, despite the high mutation rates of our markers.
In contrast with other subspecies of Oreothlypis celata, O. c. sordida from the Channel Islands do not undertake a lengthy migration, although individuals may move short distances outside of the breeding season (Gilbert, Sogge & Van Riper III, 2010) . The nonmigratory tendency of O. c. sordida, its geographic isolation on the Channel Islands, and the smaller population size on the islands compared to the mainland have all likely contributed to the genetic differentiation that we observed. Interestingly, there also appears to have been cultural evolution of O. c. sordida on the Channel Islands, as evidenced by its slightly slower and more patterned songs compared to more rapid, less patterned songs of the nearest populations of O. c. lutescens (Dunn & Garrett, 1997) . Based on the distinct phenotypes of island O. c. sordida individuals, Johnson (1972) hypothesized that the Channel Islands O. celata populations have been isolated from the mainland for a substantial period of time. The low degree of divergence and diversity in the mitochondrial data and the paucity of private microsatellite alleles do not support his hypothesis; rather, they suggest that the phenotypic differences in the O. c. sordida populations are of relatively recently derivation.
We obtained evidence for significantly greater gene flow from the Channel Islands to mainland southern California than in the reverse direction, a pattern that also has been detected in horned larks (Eremophila alpestris: (Mason et al., 2014 (Fig. S4) .
Of the four Oreothlypis celata subspecies, our molecular data most strongly supported O. c. sordida from the Channel Islands as a distinct group. Although O. c. sordida occurs primarily on the islands, it also breeds locally along the coast of mainland southern California (Unitt, 1984; Dunn & Garrett, 1997) in close proximity to O. c. lutescens. This distributional pattern is consistent with our finding of greater gene flow from the Channel Islands to mainland southern California than from the mainland to the islands. Recent expansion of the breeding range of O. c. lutescens, especially southward in San Diego County, has closed the distributional gap mapped by Grinnell & Miller (1944) between these two subspecies and caused some to suggest that O. c. lutescens is swamping out O. c. sordida on the mainland (Unitt, 2004) . Further study combining specimens in known breeding condition with molecular markers is needed to test this hypothesis.
Although 
CONCLUSIONS
Overall, our results suggest that the differentiation seen in phenotypic and ecologic characters across O. celata is recent. Similar to the findings of Bull et al. (2010) for northern populations of O. c. celata and O. c. lutescens, genetic distances and clusters we observed across the western North American range of O. celata are consistent with high levels of gene flow combined with weak isolation-by-distance. Moreover, our finding that the strongest signal of population divergence occurs on the Channel Islands is consistent with geographic isolation, reduced migration tendency, and relatively low levels of gene flow from the mainland to the islands. The observation that cultural evolution in songs of O. celata has occurred on the Channel Islands (Dunn & Garrett, 1997 ) also supports the distinctiveness of this taxon on the islands. Future research that includes vocal as well as genomic data will further advance our understanding of the origin and evolution of birds on the Channel Islands. In summary, island isolation, subspecies (delineation by morphology, ecological, and life-history characteristics), and isolation-by-distance, in that order, are the likely best explanatory variables of the geographic structure we detected across the range of O. celata.
